Abstract: In this paper, we propose and demonstrate a phase-stabilized radio-frequency (RF) reference transmission scheme by actively stabilizing the optical path delay of the fiber link. The reference RF tone is round-trip transferred between the central station and the remote end to obtain the delay variation. The fast and small part of the delay fluctuation is cancelled by a piezoelectric fiber stretcher, benefitting from its short response time and fine adjusting granularity. The slow and large part of the delay variation is used to alter a wavelength tunable laser, which results in a dispersion-induced tunable optical delay line with very large compensation range. Experimentally, a 2.48-GHz RF signal has been transferred through a 60-km optical fiber link with suppressed noise. The fractional frequency stability achieved is 6:5 Â 10 À14 at 1 s and 2:1 Â 10 À17 at 10 4 s averaging time, respectively.
Introduction
A highly stable and accurate radio-frequency (RF) standard is essential in many applications, including the test of fundamental physical principles, very long baseline coherent radio telescope arrays, and accurate mapping of the Earth's geoid [1] - [3] . Therefore, it has been an active field of research over the past decades that distributing a RF standard to a remote location ranging from several to hundred kilometers while maintaining its high stability and accuracy [4] - [6] . The traditional satellite-based frequency transmission techniques are unable to preserve the stability of the state of the art microwave frequency standards [1] , [7] . To take the advantageous of its relatively low loss and noise, optical fiber link has been a promising alternative for frequency standard distribution [1] - [10] . However, the fiber links usually suffer from environment perturbations, which will degrade the phase stability of the RF signal to be transferred [4] - [6] .
Over the past few years, many phase drift cancellation schemes have been proposed [11] - [19] . By directly cancelling the phase drift of the RF signal either in electronic devices like a voltage controlled oscillator (VCO) [15] or in optics such as a cavity-length-changeable passively mode locked laser [16] , high stability performance at short averaging times and large compensable range has been achieved [11] - [16] . However, the electronic or optical VCOs have usually band-limited frequency range. Since the phase, rather than the true time delay, is corrected, the link is not capable of transferring wideband signal, and therefore, an additional link is then inevitable if remote time synchronization is also demanded. Tunable optical delay line such as a piezoelectric fiber stretcher (PZT) is broadly employed [17] , [18] , benefiting from its short response time. However, due to the large thermal sensitivity of standard optical fiber, delivery over tens of kilometers requires significant adjusting range. Thermally controlled fiber spools are very reliable and usually used to extend the compensation range, but the stabilized systems employing them are large and expensive and not suitable for antenna array applications [19] .
In previous work, we have investigated the use of wavelength tunable laser (WTL) for long distance RF signal transmission [20] , [21] . The WTL is used as the only adjustable part to cancel the time delay variation of the fiber link, since optical carriers with different wavelengths propagate at different velocities in the fiber. This method has the advantage of very large tunable delay range which is in proportion to the length of the fiber link; therefore, a very long delivery distance can be expected [20] . However the delay tuning granularity is also in proportion to the length of the link, which will result in a large delay adjusting step when the delivery distant becomes very long. Meanwhile the tuning speed of the WTL is rather slow. The short term stability is slightly degraded compare to a free running link [21] . We propose here an improved scheme for phase stabilized RF signal transmission. To solve the short term stability problem and further improve the transmission performance, in this paper, we introduce a PZT to work together with the tunable laser to compensate the delay variation. The fast and small part of the delay fluctuation is cancelled by the PZT, benefitting from its short response time and fine adjusting granularity. The slow and large part of the delay variation is used to alter the tunable laser, as the dispersion induced tunable optical delay line has a large compensation range. Improved stability and phase noise suppression have been experimentally demonstrated.
Principle
Fig . 1 shows the schematic of the proposed phase stabilized fiber link for transferring RF standard signal. In the central station, the RF signal is modulated on an optical carrier through an electro-optic modulator (EOM). The working point of the EOM is stabilized at quadrature point by using a bias controller (BC). The optical carrier is generated by a WTL which could be controlled by a computer to change its wavelength. After the RF signal is encoded on, the optical signal is transferred through an optical circulator (CIR) and a PZT. After that, the optical signal is injected into the optical fiber link. After transmitted to the remote end, the optical signal goes through a second CIR, and is then boosted by an Erbium doped fiber amplifier (EDFA). The optical signal with amplified power is then split into two parts by an optical coupler (OC). One part of the optical power is used to recover the RF signal by a photo-detector (PD). Since the fiber link could be easily affected by the environment perturbations, such as mechanical vibration and temperature variation, the delay that the RF signal experienced while transferring along the link is thereby unstable.
The other part of the optical signal is returned to the fiber link through the remote CIR. Back to the central station, a second EDFA is located at the port 3 of the central CIR to increase the power of the backward travelling light. After been amplified, the optical signal is used to recover the RF signal by another PD. Then the round-trip transferred RF signal goes through a band pass filter (BPF) and is compared with the original RF signal, through a phase discriminator, to obtain the phase error signal. The phase error signal is then digitalized by a data acquisition card (DAQ) and processed with a classic proportional-integral-differential algorithm in a personal computer (PC). The output of the PC is divided into two paths. The first path is used to control the WTL to alter the wavelength of the optical carrier. Since optical carriers with different wavelengths propagate at different velocities in fiber, a tunable delay line based on group dispersion can be realized. The dispersion induced delay has a tuning range in proportion to the length of the fiber link, which is sufficient to compensate the slow but large delay drift. The second path of the output is converted back to analog signal and applied to a high-voltage amplifier (HVA). The output of the HVA is used to change the optical length of the PZT, which is responsible for compensating the fast and small part of the noise in the link.
The forward and backward travelling lights have the same wavelength, which ensures the RF signal experiences the same delay. Therefore, the obtained phase error signal is actually twice the phase perturbation caused by the one-way fiber link. We assume that the delay fluctuation of the fiber link caused by environment perturbations is Á F . Assume the wavelength change of the WTL is Á, which will result a delay variation according to ÁD ¼ DLÁ, in which D is the dispersion coefficient, and L is the fiber length. And suppose that the delay change caused by the PZT is Á P . As long as the phase tracking at central station adjusts the tunable laser and the PZT so that the total delay variation Á D þ Á P þ Á F is zero, the delay and phase of the RF signal transferring in the fiber link will be stabilized. Note that the delay of the link, not just the phase of the RF signal, is stabilized, which indicates that the scheme is capable of wideband transmission.
The WTL can provide a very large delay compensation range, but in practice it has a rather slow tuning speed, which means the time interval between two adjacent wavelength adjustments is large. The time interval can be up to several hundred milliseconds according to our previous experiment in which the WTL is used as the only compensation device. During this tuning interval, the wavelength of the optical carrier may drift, which will lead to a time delay drift because of the large fiber dispersion. Since the fiber dispersion is used to induce tunable time delay, the normally and widely used dispersion management cannot be introduced here to eliminate the influence of the wavelength drift. The large and slow wavelength drift of the WTL can be canceled as the wavelength tuning. The fast and small wavelength drift will not be compensated by tuning the WTL. However, a PZT with much faster responding speed can be used here. During the WTL tuning interval, the dispersion delay drift, caused by the wavelength drift, can be compensated by the PZT. Besides the fast responding speed, the system can also benefit from the fine tuning granularity of the PZT. Since the WTL has a wavelength resolution of 1 pm, the delay tuning step of the WTL can be up to several picoseconds given a very long fiber link. Unlike the PZT, the WTL may not response to the delay variation smaller that this tuning step. Therefore, the PZT will further improve the stability of the link.
Experiments and Results
A proof of concept experiment is carried out and its setup follows the scheme of Fig. 1 . The optical fiber link is composed of 60 km single mode fiber (SMF), which is located at the laboratory. The fast temperature fluctuation in the laboratory brings a great influence to the delay variation, since the fiber is located in an open environment instead of being buried. The out of loop electronic and optical parts are enclosed in aluminum boxes to reduce the effects of the thermal fluctuations, which could cause residual delay variations. A microwave signal generator is used to generate the RF signal, which has a frequency of 2.48 GHz. The WTL has a wavelength tuning range of 1525 nm to 1568 nm. It will result a delay tuning range of more than 40 ns under the 60 km SMF, which is sufficient to compensate the delay variation of the fiber link caused by environment perturbations. The output voltage range of the HVA, which is used to drive the PZT, can be up to þ=À400 V. Given the sensitivity of 19 fs/V, the PZT has a dynamical range of about 15 ps. The phase measure accuracy of the phase discriminator is 10 mV/degree. After the AD conversion the resolution is 0.03 degree. The input bandwidth of the phase discriminator is 2.7 GHz, while the output bandwidth is about 30 MHz. Rayleigh noise would degrade the SNR of both forward and backward signal because they are at the same wavelength. In experiment, the optical power injecting into both ends of the fiber link is optimized to reduce the influence of the Rayleigh noise No power fluctuation is observed in our experiment at both central station and remote end.
The single sideband (SSB) phase noise of the RF signal recovered at the remote end is shown in Fig. 2 , without and with active compensation. The phase noise is measured with a spectrum analyzer, which has a minimum offset frequency of 3 Hz. It can be seen that when the active phase noise cancellation is on, the SSB phase noise at 3 Hz frequency offset is À77.3 dBc/Hz, which is about 10 dB reduced compared to the free running link. The active phase noise cancellation is achieved by tuning both the WTL and the PZT. The PZT has a response bandwidth up to hundred kHz, which is fast enough for most of the noise compensation. The compensation bandwidth in the experiment is limited by the digital processing of the phase error signal and the digital to analog conversion after that. As we can see from Fig. 2 , above 10 Hz offset frequency, the suppressed phase noise is the same as the free running link, which shows that the feedback bandwidth of the system is limited to a few tens of Hertz.
The fractional frequency instability, in terms of overlapping Allan deviation, of the 2.48 GHz signal that recovered at the remote end is measured by a frequency comparator. The WTL can be used as the only compensation device to stabilize the delay of the fiber link. Under this condition, the fractional frequency stability is 6:3 Â 10 À13 at 1 s averaging time, as shown in Fig. 3 . The slow response speed and large delay tuning step of the WTL are believed to be part of reasons why the short term stability of the link compensated with only WTL is worse than the free running link, which is 2:3 Â 10 À13 at 1 s averaging time. Another reason for this is that the fiber link is wrapped around and located in the laboratory, the fast delay perturbations (phase noise), such as the ones caused by mechanical vibration and temperature drift, are larger than those in an installed fiber link. But the long term stability of the free running link, without the active delay fluctuation cancellation, is seriously degraded when the averaging time comes to several hundred seconds. The slow ambient temperature variation is believed to be the major contributor to this stability degradation. To improve the link stability, the PZT is introduced here for compensating the small and fast delay variation. While it is stabilized with both WTL and PZT, the stability of the link is enhanced to 6:5 Â 10 À14 at 1 s averaging time. The long term stability is suppressed to 2:1 Â 10 À17 at 10 4 s averaging time. The electronic noise floor is also plotted in Fig. 3 with a stability of 2:9 Â 10 À14 at 1 s averaging time.
Conclusion
In conclusion, we proposed and demonstrated a phase stabilized radio frequency reference transmission scheme by actively stabilizing the optical path delay of the fiber link. The reference radio frequency is round-trip transferred between the central station and remote end to obtain the delay variation caused by the environment perturbations. The fast and small part of the delay fluctuation is cancelled by a piezoelectric fiber stretcher, benefitting from its short response time and fine adjusting granularity. The slow and large part of the delay variation is used to alter a wavelength tunable laser. Since optical carriers with different wavelengths propagate at different velocities in fiber, a tunable optical delay line is realized to cancel the delay variation. The dispersion induced optical delay is in proportion to the length of the fiber link, and therefore, a very long delivery distance can be expected. Experimentally, a 2.48 GHz RF signal has been transferred over a 60 km optical fiber link with suppressed noise. The fractional frequency stability achieved is 6:5 Â 10 À14 at 1 s and 2:1 Â 10 À17 at 10 4 s averaging time, respectively, which shows an improved performance. Fig. 3 . Fractional frequency instability of the 60 km free running fiber link (red squares), the 60 km compensated link with WTL (blue diamonds), the 60 km compensated link with WTL and PZT (orange triangles), and the electronic noise floor (black circles).
